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The microvasculature is comprised of vascular beds which
exhibit a wide variety of transport, synthetic and metabolic
functions as well as several distinct morphological organiza-
tions. The two major cell types that populate the microvascu-
lature are the endothelial cell and the vascular smooth muscle
cell (pericyte, mesangial cell). These cells types are known to
respond to extracellular matrix components and soluble factors
as well as to the direct interactions with neighboring cells during
development, in response to injury and while maintaining
normal structure/functions. The advent of modern cell isola-
tion, characterization and culture techniques have allowed the
use of tissue and organ culture models in the study of vascular
cell behavior. This paper will focus on the roles of extracellular
matrix in modulating the phenotype of microvascular endothe-
hal cell and mesangial cell populations in culture.
In studying microvascular endothelial and mesangial cell
behavior we have employed several in vitro culture systems
[1—4], including the culture of cells isolated from the rat
epididymal fat pad, rat glomeruli and bovine calf adrenal cortex
on selected extracellular matrix components in two-dimen-
sional culture, on the interstitial and basement membrane
aspects of the amnion, and in three-dimensional type I collagen
gels.
Microvascular endothelial cells express a "plastic" phenotype
in vitro
Two-dimensional culture
The successful isolation and culture of microvascular endo-
thelial cells has been well documented over the past several
years and endothelial cells from several microvascular beds
have been studied in a variety of culture conditions. In our
laboratory microvascular endothelial cells (derived from the rat
epididymal fat pad and the bovine calf adrenal cortex) have
been successfully isolated and cultured, and have been found to
retain their von Willebrand factor positivity under all culture
conditions studied [1, 5]. However, when these microvascular
endothelial cells are placed in culture, they are harvested from
their normal three-dimensional environments and lose their
intimate associations with specific extracellular matrix compo-
nents and pericytes. Thus, microvascular endothelial cells
placed in culture on gelatin-coated culture vessels lose their arc
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of curvature and become flattened cells with dramatically
different associations with the substratum and have no contacts
or associations with other cell types. This change in environ-
ment is felt to contribute, in part, to the loss of differentiated
phenotype in culture [6]. Placing these microvascular endothe-
hal cell populations on native basement membrane components
(type IV collagen, type V collagen or mixtures of the two) or
pre-existing basement membranes (amriion) elicits the return of
a more differentiated phenotype, as evidenced by low prolifer-
ative rates, multicellular tube formation with tight junctions as
well as luminal and abluminal plasma membrane specializations
[1, 3, 4]. In contrast, culture of these endothehial cells on
interstitial collagens (type I collagen, type III collagen or
mixtures of the two) or on the interstitial aspect of the amnion
elicits a high proliferative rate [1]. Culture of microvascular
endothelial cells on interstitial collagen types I or III is also
associated with the loss of tight junctions and zonula occiudens
molecule-i (ZOi) staining [7] and the expression of a-smooth
muscle actin mRNA and protein [8]. In addition to the above-
noted modulation of cell phenotype elicited by changes in the
composition and organization of the underlying and surround-
ing extracellular matrix, microvascular endothehial cells grown
in vitro in two-dimensional cultures have been shown to exhibit
a profound inhibition of proliferation and an eight-fold induction
of a-smooth muscle actin mRNA and protein in response to
TGF-/3l [8—10]. The inhibition of proliferation noted in vitro is
in sharp contrast to the marked angiogenic effect observed
when TGF-/31 is given in vivo [11]. Culturing microvascular
endothehial cells in two-dimensional cultures also results in the
expression of PDGF a and /3 receptors and differential respon-
siveness of the cells to PDGF isoforms. Specifically, PDGF BB
and AB elicit dramatic proliferative responses while PDGF AA
has no appreciable effect on cell proliferation [12]. These data
support the notion that under specific conditions microvascular
endothehial cells derived from particular vascular beds can be
induced to exhibit smooth muscie/pericyte phenotypic features
in a reversible manner, namely, the expression of a-smooth
muscle actin, PDGF a and /3 receptors and responsiveness to
PDGF isoforms [6, 13—15].
When cultured on the interstitial aspect of the amnion,
migration of microvascular endotheliai cells into the three-
dimensional interstitial stroma of the aminon is observed.
During long culture periods, the cells that migrate into the
interstitium of the amnion experience a three-dimensional envi-
ronment and undergo formation of tube-like structures having
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junctional complexes, luminal specializations and abluminal
basal lamina synthesis and deposition [I]. These changes are
consistent with the notion that microvascular endothelial cells
exhibit a "plastic" phenotype, capable of modulation by
changes in the composition and/or organization of the surround-
ing extracellular matrix and soluble factors present in the local
microenvironment [4, 6, 10, 13, 14].
Three-dimensional culture
Unlike endothelial cells derived from large vessels which are
flattened polygonal cells residing on the subendotheliat matrix
whose luminal surfaces are in intimate contact with the blood
and whose abluminal surfaces are in intimate contact with the
subendothelial matrix, microvascular endothelial cells reside in
a three-dimensional matrix and exhibit a significant arc of
curvature [4, 16]. Thus, culturing these cells in a two-dimen-
sional environment is not likely to approximate in vivo condi-
tions. Several three-dimensional culture systems have been
devised to address this problem [4], We have settled on
culturing these cells in native type I collagen gels. When
microvascular endothelial cells are dispersed and cultured in a
three-dimensional type I collagen gel their behavior is quite
distinct from that observed in two-dimensional culture systems.
Specifically, proliferation rates of the cells in the three-dimen-
sional collagen gels is very low compared to that observed in
the two-dimensional cultures [2]. In addition to the low baseline
levels of proliferation in the three-dimensional collagen gels, the
mitogenic effects of of several growth factors including TGF-
/31, /32 and /33, as well as PDGF-BB and AB are substantially
blunted [2, 10, 12, 17—191. Specifically, the PDGF isoforms BB,
AB and AA do not elicit any proliferative effects on the cells.
Preliminary data suggest that this loss of responsiveness corre-
lates with the progressive loss of PDGF a and /3 receptor
expression on the cell surfaces as well as a loss of intracellular
pools of these receptors (M. Marx, J. Madri, unpublished
observations). Responsiveness to bFGF and the TGF-/3 iso-
forms /31, /32 and /33 in three-dimensional culture is also
dramatically different from that observed in two-dimensional
culture. TGF-/31, /32 and /33 do not elicit any change in the low
proliferative rate of the cells but do elicit a rapid and dramatic
inorphogenic response. Namely, in the presence of TGF-j3l,
TGF-/32, TGF-/33 (or bFGF) the cells rapidly organize into
multicellular tube-like aggregates with lumina in a calcium-
dependent process [2, 10, 12, 17—19]. The cells secrete, deposit
and organize basal lamina in an abluminal location and form
tight junctions between cell processes as evidenced by the
assembly of protein ZOl [7]. In addition to these morphogenic
changes, the cells no longer express a-smooth muscle actin
mRNA or detectable a-smooth muscle actin protein [8]. Fur-
thermore, placement of these endothelial cells into a three-
dimensional environment elicits dramatic changes in other
selected cytoskeletal components. Specifically, when cell ly-
sates of microvascutar endothelial cells grown in two- and
three-dimensional cultures were immunoblotted using antibod-
ies directed against protein 4.1 (an alternatively-spliced cyto-
skeletal component found in a wide variety of mesenchymal
cells) dramatic differences in protein 4.1 isoform expression
were noted. In two-dimensional cultures there were two pre-
dominant protein 4.1 isoforms, having apparent molecular
weights of 100 kD and 70 kD. In contrast, when cells were
grown in three-dimensional culture there was a progressive loss
of the 100 kD isoform with a retention of the 70 kD isoform (M.
Marx, J. Madri, unpublished observations). Preliminary analy-
sis of protein 4.1 RNAs using PCR methodologies supports the
protein data, namely, two mRNA isoforms are observed in
samples extracted from two-dimensional cultures while one
isoform is noted in samples derived from three-dimensional
cultures (P. Becker, J. Madri, unpublished observations). While
the functional significance of this isoform switching is un-
known, it is possible that alternative splicing of functional
domains of protein 4.1 might modulate interactions of distinct
cytoskeletal and membrane-associated moieties [20]. In addi-
tion to the above-mentioned changes in endothelial cell pheno-
type elicited by changes in extracellular matrix composition and
organization, culture of selected microvascular endothelial cell
populations on cell-derived matrices was found to elicit expres-
sion of cell structures specific to particular vascular beds,
namely, the formation of fenestrae. When microvascular endo-
thelial cells isolated from the adrenal cortex (a fenestrated
vascular bed) were grown on MDCK cell-derived matrix the
endothelial cells formed fenestrated tube-like structures. How-
ever, when these cells were grown on BAEC- or BASMC-
derived matrices continuous tube-like structures formed, hav-
ing few, if any, detectable fenestrae [5]. In contrast, when
microvascular endothelial cells isolated from continuous vascu-
lar beds (epidydimal fat pad) were grown on these cell-derived
matrices there was no evidence of fenestrae formation on any
matrix (Fig. 1).
These data are consistent with the concept that the compo-
sition and organization of the surrounding matrix modulate
endothelial cell phenotype by affecting cell surface receptor
expression, matrix biosynthesis as well as cytoskeletal organi-
zation and composition and that endothelial cells of particular
vascular beds (or vessels) respond to cues from the extracellu-
tar matrix and soluble factors in distinct ways, reflecting their
individual and sometimes unique potentials [6].
Organ culture
While much can be learned from tissue culture experiments,
in vitro studies can not completely mimic in vivo conditions.
Therefore, in order to more closely mimic in vivo conditions,
we have utilized an organ culture model of angiogenesis, the
fibrin clot-aortic ring model [21]. In this model segments of rat
fetal aortae are placed in fibrin clots or type I collagen gels and
intimal endothelial cells migrate out radially, forming a "spoke
wheel" pattern of angiogenic sprouts. Using this model we
demonstrated that there is a staggered appearance of selected
matrix components along the angiogenic sprouts as well as
dramatic changes in the organizations of these matrix compo-
nents. Specifically, at the most distal solid tips of the angiogenic
sprouts, fibronectin and type V collagen are organized into
cable-like structures while laminin is located diffusely over the
cell surfaces and type IV collagen is present predominantly in
an intracellular localization. In contrast, in areas behind the
solid tips where there is lumen formation (differentiation),
fibronectin and type V collagen are organized into diffuse,
amorphous basal lamina-like structures which envelope the
newly-formed vessels as are laminin and type IV collagen [21].
These findings are similar to our previously published observa-
tions of a staggered appearance of laminin and type IV collagen
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Fig. 1. Selected microvascular endothelial
cells form fenestrae in vitro in response to
extracellular matrix cues. Composite
transmission electron micrograph of BCEs
cultured on: BAEC-derived matrix (A) on
which there is no appreciable fenestrae
formation; and MDCK-derived matrix (B & C)
on which there is widespread fenestrae
formation. Details of the fenestrae are
illustrated in the two higher magnification
insets. Abbreviations are: BCA, bovine
adrenal cortical endothelial cells; BAEC,
bovine aortic endothelial cells; MDCK,
Mardin-Darby canine kidney cells.
Fig. 2. Schematic representation of the
modulation of microvascular endothelial cell
phenotype during angiogenesis. Cells at the
distal tip of the angiogenic sprout express
features of both endothelial and smooth
muscle cells while endothelial cells more
proximal to the pre-existing vessel express a
more characteristic "endothelial" phenotype.
Abbreviations are: Ln, laminin; IV, type IV
collagen; PDGFR, platelet-derived growth
factor /3 receptor.
in a cornea! injury model of neovascularization in the mouse
[221.
When stained with antibodies directed against von Wille-
brand factor and a-smooth muscle actin the angiogenic sprouts
in the aortic ring-fibrin clot model also display a differential
staining pattern. Namely, the endothelial cells at the most distal
solid tips of the angiogenic sprouts exhibit positive staining for
both proteins, while endothelial cells in areas behind the solid
tips where there is lumen formation exhibit staining only for von
Willebrand factor. In this region, pericytic cells overlying the
endothelial cells comprising the lumina are observed to be
a-smooth muscle actin positive but von Willebrand factor
negative (R. Nicosia, J. Madri, unpublished observations).
These findings are also consistent with the concept that
during the angiogenic response endothelial cells become acti-
vated and migrate out into a three-dimensional matrix which is
capable of modulating cellular behavior, including proliferation,
migration, and matrix synthesis. These cells also synthesize and
deposit a matrix which is capable of modulating cellular behav-
ior in an autocrine and paracrine manner. The microvascular
endothelial cells' responsiveness to solid phase (matrix) extra-
cellular cues underscores the cells' plastic phenotype, which
endows these cells with the potential to express proteins
associated with both endothelial and smooth muscle pheno-
types (Fig. 2) [6, 81.
Mesangial cell phenotype, proliferative rate and responsiveness
to soluble factors are modulated by matrix composition and
organization in vitro
Mesangial cells in vivo form a non-proliferating [23] branch-
ing network of pericytes supporting the glomerular capillary
loops. The unique location and the intimate contact with
endothelial cells, glomerular basement membrane and soluble
0 PDGFR
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factors through the fenestrated glomerular endothelium suggest
important roles for mesangial cells in the turnover of glomerular
matrix, in the metabolism of macromolecules and as a primary
target for the action of growth factors and cytokines. The
frequent finding of mesangial cell proliferation and matrix
expansion in a broad spectrum of glomerular diseases [24]
guided considerable research efforts to the investigation of
mesangial cell responsiveness to different growth factors and
cytokines and to the analysis of extracellular matrix compo-
nents produced by mesangial cells in vitro [25—301. Normal
glomeruli contain collagen type IV, type V. laminin, fibronectin
and glycosaminoglycans [31, 32]. In disease profound changes
in the quantity and composition of the extracellular matrix have
been observed [33—361. The interactions between mesangial
cells and the surrounding matrix must be viewed as a dynamic
system, in which changes in the composition and spatial orga-
nization of matrix itself may profoundly change the metabolic
and mitotic activity of mesangial cells. The experience with the
investigation of endothelial cells-matrix interactions and our
recent interest in the investigation of the biology and pathology
of glomerular cells prompted us to study the interactions
between rat mesangial cells and extracellular matrix in culture.
Matrix modulates mesangial cell behavior in two-dimensional
culture
Previous work in other laboratories has focused on the study
of mesangial cells in conventional two-dimensional culture on
tissue culture plastic. In this particular culture system extracel-
lular matrix components like serum derived fibronectin and
matrix produced by mesangial cells itself are deposited on the
culture dish and form an ill-defined matrix environment, thus
making the analysis of cell-matrix interactions difficult. We
have recently investigated the mesangial cell behavior in two-
dimensional culture on a substrate coated with saturating con-
centrations [22] of laminin, fibronectin, type I, IV, and V
collagen. Culture of mesangial cells on these matrix compo-
nents induced differences in cell morphology, such as, the cells
grew in sprouts and bundles on fibronectin compared to a lower
degree of intercellular organization on laminin and type IV
collagen. Type V substrate accelerated the formation of hillocks
in overconfluent cultures (M. Marx, J. A. Madri, unpublished
observations). The spontaneous proliferative rate in low serum
media (0.5% FCS) was similar on all five matrices tested and
about twofold higher compared to control cultures on tissue
culture plastic. Analysis of cell migration on different matrix
substrates using a fence-assay [37] showed remarkable differ-
ences, with the highest migratory rate on fibronectin and type I
collagen and the lowest on laminin (Fig. 3). Treatment with
TGF-/31 markedly inhibited mesangial cell migration. Culture in
the two-dimensional environment resulted in the expression of
both PDGF a and /3 receptors and in differential responsiveness
to the PDGF isoforms: PDGF AB and BB were potent mitogens
for mesangial cells, whereas PDGF AA failed to induce any
proliferative response [38]. Since we observed morphogenic
changes in PDGF AA treated cultures and all three PDGF
isoforms induced similar phosphorylation events, we hypothe-
size that activation of the PDGF aa receptor homodimer by
PDGF AA may transduce other than mitogenic signals in
mesangial cells (M. Marx, L. Bell, S. L. Warren, J. A. Madri,
Matrix
Fig. 3. Extracellular matrix modulates mesangial cell migration. Sym-
bols are: () — TGF-f3; (Q) + TGF = 13. Cells were plated in the center
of a steel fence on culture dishes coated with laminin (Ln), fibronectin
(Fn), type I, IV and V collagen. In some experiments TGF-/31 (0.5
ng/ml) was added to the culture media. After attachment the fences
were removed and the migration area was assessed after nine days.
Significant differences (P < 0.05) compared to the baseline migration
area on laminin are indicated by an asterisk. TGF-f31 markedly reduced
mesangial cell migration.
manuscript in preparation). In summary, the mesangial cell
phenotype in two-dimensional culture shows a high spontane-
ous proliferative rate, expression of both PDGF receptors and
PDGF responsiveness and a low degree of intercellular organi-
zation. These features do not resemble the non-proliferating
highly organized mesangial cell phenotype in vivo and imitate
some of the mesangial cell characteristics found in glomerular
diseases.
Three-dimensional culture modulates mesangial cell phenotype
Mesangial cells in vivo form a tree-like branching three-
dimensional network of supportive pericytes between the gb-
merular capillary loops, unlike the flattened and non-organized
cells in conventional two-dimensional culture. To study the
impact of the different spatial organization of matrix in three-
dimensional culture we analyzed the mesangial cell behavior in
type I collagen gels [2, 38]. Morphologic analysis showed a
rapid organization into multicellular tube-like aggregates, this
process was accelerated by treatment with TGF-/3. Ultrastruc-
tural analysis showed activated cells with abundant endoplas-
matic reticulum, vacuoles and numerous pseudopods. In the
multicellular aggregates regions of cell membrane fusion and
occasionally ill-defined junctional complexes were detected
[381. Placing of mesangial cells in three-dimensional culture was
accompanied with changes in cytoskeletal components (Fig, 4),
such as, in two-dimensional culture the cells expressed mainly
a 100 kD and 70 kD isoform of the cytoskeletal protein 4,1.
Surprisingly, after only four hours of three-dimensional culture
the 100 kD isoform was only barely detectable by immunobbot-
ting, whereas the expression of the 70 kD isoform remained
C0
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Fig. 4. Three-dimensional culture elicits dramatic changes in cytoskel-
etal components. Proteins extracted from mesangial cell lysates were
separated on 6% SDS-polyacrylamide gel under reducing conditions,
transferred to nitrocellulose and blotted with an antibody against the
cytoskeletal protein 4.1. In two-dimensional culture (2D) protein 4. I
was predominatly expressed in a 100 kD and 70 kD isoform, in
three-dimensional type I collagen gels (3D) the 100 kD isoform was
rapidly downregulated, the 70 kD isoform was retained.
stable [39]. The cell number in three-dimensional culture did not
change over a time course of 10 days, suggesting a very low
proliferative rate. PDGF AB and BB failed to induce any
proliferative response. This effect was due to a progressive
down regulation of both PDGF receptors [381. The loss of
PDGF responsiveness and the induction of a quiescent, highly
organized and differentiated mesangial cell phenotype in three-
dimensional culture may prove to be more closely related to the
in vivo phenotype than mesangial cells in conventional two-
dimensional culture. Future studies will focus on the investiga-
tion of mechanisms which control cell proliferation and matrix
production in this particular culture system. Investigation of
factors which regulate and modify mesangial cell behavior in
vitro may be beneficial for the understanding of mesangial cell
biology in vivo.
Conclusions and speculation
The response of microvascular endothelial and mesangial
cells to changes in the composition and/or organization of the
matrix is one of a reversible "change of phenotype." Namely,
in three-dimensional culture microvascular endothelial cells
(but not large vessel endothelial or smooth muscle cells) Un-
dergo an angiogenic response complete with tube formation [I,
2, 7]. However, in two-dimensional culture these same cells
express cell surface receptors and cytoskeletal components and
have responses to cytokines similar to those observed in
vascular smooth muscle cells and/or pericytes [6, 81. Our in
vitro and organ culture data is consistent with the notion that
the microvascular endothelial cell is capable of giving rise to
pericytes and although our data suggests that the extracellular
matrix may play an important role in this process in vivo, its
exact roles are as yet not well understood. Thus, unlike their
large vessel endothelial and smooth muscle cell counterparts,
microvascular endothelial cells display a "plastic" phenotype
in response to a variety of stimuli, and display a variety of
phenotypes normally observed in the microvasculature during
development and in response to injury.
The responsiveness of mesangial cells to different extracellu-
lar matrix environments and the distinct phenotype, differenti-
ation and intercellular organization observed in three-dimen-
sional culture may be used as excellent tools in kidney related
research. Possible areas may include the analysis of kidney
development and the investigation of cellular responses to
growth factors and cytokines.
Though still incomplete, our knowledge and understanding of
how the extracellular matrix and soluble factors interact to
affect vascular cell behavior is constantly growing. The mech-
anisms by which information is transduced across the cell
membrane from the extracellular environment are complex
involving extracellular matrix, soluble factors, a variety of
matrix and soluble factor receptors, second messenger systems
and dynamic cytoskeletal organizations [61.
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